The relationship of technological input regimes of the laser transformation hardening on change the hardening depth, hardening width, and hardening angle, as well as surface hardness of the tool steel AISI D2 using multifactor experiment with elements of the analysis of variance and regression equations was determined. The laser transformation hardening process implemented by controlling the heating temperature using Nd:YAG fiber laser with scanner, pyrometer and proportional-integraldifferential controller. The linear and quadratic regression models are developed, as well as response surface to determine the effect of the heating temperature and feed rate of the treated surface on the energy density of the laser beam, hardening depths, hardening width, hardening angle, and surface hardness are designed. The main effect on the energy density of the laser beam has a velocity laser treatment, on the other hand, the main effect on the geometrical parameters of the laser hardened zone and surface hardness has temperature heating are shown. The optimum magnitudes of the heating temperature (1270 °C) and feed rate of the treated surface (90 mm/min) for laser transformation hardening of the tool steel AISI D2 using fiber laser with scanner were defined.
Introduction
One of the most important problems solved by mechanical engineering is to improve surface microrelief and to increase physical and mechanical properties of the surface layer of metal products, which work in extreme conditions, by means of the developing and application of modern technologies for surface treatment. Solving this problem will allow to increase both operating properties and competitiveness of the manufactured products. One of the technological solutions to improve the wear resistance of the working surfaces of parts is the hardening of the surface layer by changing its structure [1] .
Application of highly-concentrated energy sources of plasma flow [2] , electron beam [3] and laser [4] radiation ensure high levels increasing the hardness of metal parts, but not always promote improving surface microrelief. These high-energy methods surface treatment provide an opportunity the local hardening and promote increasing productivity processes. Developed modern laser engineering systems have some important advantages (uniform hardening depth, no vacuum environment, the possibility to transfer energy beam over long distances) compared to the plasma treatment, electron-beam treatment and other methods of surface thermal hardening [5] . Laser surface hardening of the tool steels by means of the laser transformation hardening (LTH) without melting [6] or with melting surface [7] , and shock peening [8] , by analogy with other types of hardening is the formation of the austenitic structure with the dissolution of carbide phases during rapid-action heating and its following transformation to martensite structure during cooling due to absorbing and transferring energy high concentrations to thin surface layer. Herewith time heating and cooling is minor, and practically absent dwell time at heating. These conditions provide high heating and cooling rates of the processed surface areas.
High-alloyed tool steel AISI D2 with high chromium content is widely used in mechanical engineering. In particular, at the manufacturing of cutting edge blanking dies and dies of cold and hot pressing. These tool steels should be characterized by high hardness and wear resistance with sufficient viscosity in hot conditions and the possibility to maintain these properties over a significant period of working (exploitation). The cost of die tool is 8...20% of the cost forgings, and suspension of operation of the die tools in consequence of breakage is ~30%, wear loss is ~18%, unsuccessful selection of steel for dies is ~11% and from non-compliance of heat treatment regime is ~6% [9] . It is known [10] that the melting of the surface layer of high-alloy steels causes reduction surface hardness due to complete dissolution of carbides and a significant increasing in residual austenite. Tool steel AISI D2 is no exception. Melted layer of the tool steel AISI D2 has dendritic austenite structure with between dendritic interlayers of carbides cementite type. Diffusion of chromium occurs a quite slowly. As a result, chromium carbides don't have time to form through high cooling rate. In connection with this, high-alloy steels should be hardened without melting or with the minimal melting of surfaces [11] .
Therefore, laser transformation hardening process is desirable to perform via the method of maintaining a constant temperature in the laser beam area by controlling the heating temperature treated surface [12] .
Purpose To determine the relationship of technological input LTH regimes at the action of the fiber laser with scanner on change the hardening depth, hardening width, and hardening angle, as well as surface hardness of the tool steel AISI D2 using multifactor experiment with elements of the analysis of variance and regression equations.
Methodology Plane specimens of tool steel AISI D2 (dimensions 69 х 9 х 69 mm) were initially heated to 850 °С, then slowly cooled in the furnace to 650 °С (10 °С per hour), and then cooled in the environment air. This thermal treatment results in a typical microstructure contained the alloyed α-ferrite and carbides. The chemical composition and mechanical properties of the studied steel at T = 20 °C are listed in Table 1 . Table 1 Chemical composition and mechanical properties of the tool steel AISI D2 Measured and calculated magnitudes of surface hardness (HRC) and microhardness (Hμ) the surface layer in cross section (according to Vickers hardness test procedure) are given in Table 1 .
Laser surface hardening process of parts was carried out by a high power Nd:YAG fiber laser in continuous mode (Rofin Sinar FL010 fiber laser) with a maximum power output of 1 kW and a wavelength λ = 1.07 μm ( Fig. 1а) . A galvanometric 2D scanner produced by Scanlab was placed into the special machine Kondia Aktinos B500 ( Fig. 1b ) with numerical control for moving treated surface. The scanner head is composed by a collimating lens, focus lenses, and two galvanometers. The scanning velocity and width of the laser beam was controlled using the software of the scanner. 
. Laser surface hardening process: а -fiber laser, b -machine center, c -scheme of LTH
Measured magnitudes of the heating temperature by two-color pyrometer Impac Igar 12LO during LTH were transferred through a proportional-integral-differential controller on a special board of the collection and data processing, which transformed the digital signal to analog signal laser power required to maintain a constant temperature in the laser beam area (Fig. 2) .
To determine the effect of LTH regimes (factors) on the geometrical parameters hardening zones, as well as the magnitudes of the energy density of the laser beam and the surface hardness (dependent output variables) of the studied steel was used methods of mathematical planning of the experiment because of a large number of technological regimes.
These methods allow reducing the number of needed experiments, to establish the relationship between the studied parameters and LTH regimes, and optimize process.
Experimental studies were conducted based on the design of a multifactor experiment. Herewith as input factors (independent input variables) were used the following technological regimes of LTH process: the heating temperature and feed rate of the treated surface (Table. 2).
Table 2 Variation limits of factors

Factors
Levels factors The magnitudes of other technological processing regimes (scanning velocity and width of the laser beam, focused position, and etc.) were installed constant, which were defined based on previous studies and recommendations [5] . The LTH process was carried out was carried out with a scanning velocity 1000 mm/s which produced the track 10 mm wide on the specimen surface.
The studied output parameters (dependent output variables) were energy density of the laser beam (Е lb ) and hardening depth (h h ), hardening width (b h ) and hardening angle (α h ) ( Fig. 3) , as well as surface hardness (HRC) of the laser track (Table. 3).
Fig. 3. Geometrical parameters of the laser hardened zone
The energy density (кJ/cm 2 ) of the laser beam was determined by the formula [12] : / lb lb
where Р is the laser power (laser power magnitudes was determined by means of a special software), W; d lb is the diameter of the laser beam, cm; S is the feed rate of the treated surface, cm. Linear and quadratic regression model obtained in the form: where у is the response calculated by model (dependent output variables), b 0 is the constant regression coefficient; 11 , b 22 is the regression coefficients; х 1 , х 2 are the variables corresponding to independent input variables. The geometrical features of the laser hardened zone were investigated using optical microscope-profilometer Leica DCM3D with 10XLD confocal lens and appropriate software. The surface hardness prior to and after LTH process was measured using a Computest SC tester at a load on indenter of 10 N at the dwell time of 3 s.
Design matrix evaluation for surface response linear and quadratic models, analysis of model statistics and diagnostic plots, as well as creation of model graphs and optimization of experimental results were performed using a Design-Expert statistical software program, in particular response surface methodology (RSM). RSM designs help to determine the relationships between the input factors and one or more measured responses.
Results and discussion
The typical geometric dimensions of the laser hardened zones in cross section obtained by a high power fiber laser with a galvanometric scanner at high scanning velocities are showed in Table 4 . It is known that temperature peaks at the terminations are lower than the center of the track at high scanning velocities [5] . As a result, the maximum hardened thickness is in the center of the track. In order to determine the heating temperature and feed rate of the treated surface effect on energy destiny, geometrical parameters of the laser hardened zone and surface hardness, the design of experiment full factorial threelevel design with response surface methodology and analysis of variance (ANOVA) was applied. ANOVA results of RSM linear and quadratic models are given in Table 5 . ANOVA showed that designed both the linear and quadratic regression model response of the energy density magnitude of the laser beam (Е lb ) and surface hardness (HRC) are significant because the probability values of models are less than 0.05 (Table. 5 ). Moreover, the determination coefficients are in the range 0 ≤ R 2 ≤ 1, adequate precision ratios are greater than 4 and values of the variation coefficients of models are comparatively low that allows to state about a high accuracy and reliability of the results. It should be noted that obtained by linear regression models response of the hardening depths (h h ), hardening width (b h ) and hardening angle (α h ) are less important compared to developed quadratic regression models because of a smaller number of freedom degrees. In particular, Table 4 shows that the linear regression models response of the hardening depths, hardening width and angle don't provide conditions according to Fisher criterion. Furthermore, the predicted determination coefficient extends beyond the conditions 0 ≤ R 2 ≤ 1. In applying the quadratic regression models these disadvantages are eliminated because the quadratic models with five degrees of freedom for Fisher criterion is more significant compared with linear models with three degrees of freedom. A value of significance models is less than 0.05 that indicate about their adequacy. Thus, quadratic regression models response of the hardening depths, hardening width and angle are significant.
Moreover, correlation coefficients (R 2 ) in the quadratic regression models are very close 1 in comparison with linear regression models that indicate about the high adequacy of the results.
As a consequence, the results obtained according to ANOVA showed that the main influence on the magnitude the energy density of the laser beam has the feed rate of the treated surface (velocity of laser heat treatment). On the other hand, the main influence on the magnitude hardening depths, hardening width, hardening angle and surface hardness have the heating temperature regardless of the investigated regression models.
Linear and quadratic regression equations (mathematical models) for the response of the energy density of the laser beam (Е lb ), hardening depths (h h ), hardening width (b h ), hardening angle (α h ) and surface hardness (HRC) of the tool steel AISI D2 according to full factorial three-level design for the coded values of factors are as follows:
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5 0 .9 7 2 .4 5 , (23) The above obtained mathematical models (Equations 4-13) for the coded factors that associated with the coded LTH process regimes and experimental models (Equations 14-23) for the actual factors that associated with the actual (experimental) values of LTH process regimes. Thus, obtained the quadratic regression models (Equations 9-13 and 19-23) based on above mentioned the ANOVA characterized by high accuracy and can be used to control the energy density of the laser beam, hardening depths, hardening width, hardening angle and surface hardness of the tool steel AISI D2 depending on the heating temperature and feed rate of the treated surface. Fig. 4 shows the effect of the laser transformation hardening process regimes on the energy density of the laser beam. Energy density magnitudes of the laser beam are directly related to power and diameter of the laser beam, as well as the feed rate of the treated surface (Formula 1). The laser power magnitudes were determined by means of implementation the proportional-integral-differential controller and special software. The energy density magnitudes of the laser beam are significantly reduced with increasing the feed rate of the treated surface ( Fig. 4 ). Increasing the heating temperature indicates a slight increment the energy density of the laser beam. In addition, the largest the energy density magnitudes of the laser beam are focused at maximum heating temperature and minimum velocity processing ( Fig. 4 right) .
Response surface and contour plot to determine the effect of the heating temperature and feed rate of the treated surface on hardening depths, hardening width and angle, as well as surface hardness at LTH of the tool steel AISI D2 are presented in Fig. 5 . The previous experimental studies showed that at the heating temperature below 1200 °C and specimen feed rate 40 ... 140 mm/min wasn't found the heat affected zone. The hardening depth of the surface layer is approximately 130 microns (surface hardness ~ 45 HRC) at the heating temperature of 1200 ° C that is insufficient at the working (exploitation) of products in extreme conditions. The temperature heating enhancement to 1270 °C caused increase both the geometrical parameters of the laser hardened zone and the surface hardness (Fig. 5) . However, at the heating temperature to 1340 °С is observed a slight decrease in hardened zone parameters in comparison with heating temperature 1270 °С. It may be related that at these LTH regimes of the investigated steel occurs excessive heating of the surface. Herewith, both surface hardness (~ HRC 52) and microhardness in cross section of the surface layer (Fig. 6a ) almost unchanged. Furthermore, it was found that at laser heat treatment is observed reduction hardened zone parameters and increase the surface hardness with increasing the velocity processing (S = 140 mm/min) due to decreasing the cooling rate of subsurface layers (Fig. 5 , Table 4 ). It promotes to creating more homogeneous microstructure of the hardened layer. Despite the better surface hardness, hardened zone has insufficient hardening depth (~ 240 μm) at the maximum velocity processing. The highest the surface hardness magnitudes are observed at the maximum heating temperature and feed rate of the treated surface ( Fig. 5d right) .
Thus, the laser transformation hardening process of the tool steel AISI D2 using the fiber laser with scanner should implement at the heating temperature not more than 1300 °C and feed rate of the treated surface about 90 mm/min for ensuring full austenitization heated surface layers (Fig. 6b) . The results in work [12] confirm that defined the optimum LTH regimes the studied steel to avoid melting surface. In addition, cracks in the hardened subsurface layer by scanning laser beam are not found.
Сonclusions
The relationship of technological input LTH regimes at the action of laser beam scanning on change the hardening depth, hardening width, and hardening angle, as well as surface hardness of the tool steel AISI D2 using multifactor experiment with elements of the analysis of variance and regression equations was determined.
The level of effect of the heating temperature and feed rate of the treated surface on the energy density of the laser beam, hardening depths, hardening width, and hardening angle, as well as surface hardness at LTH of the tool steel AISI D2 was established. The desired hardened depth and surface hardness of LHT process can be achieved by means of the developed quadratic models. According to ANOVA, the heating temperature is the main factor affecting on the hardened depth and surface hardness.
The optimum magnitudes of the heating temperature (1270 °C) and feed rate of the treated surface (90 mm/min) for laser transformation hardening of the tool steel AISI D2 using fiber laser with scanner were defined.
